We show that the minimal R-parity breaking model characterized by an effective bilinear violation of R-parity in the superpotential is consistent with minimal N=1 supergravity unification with radiative breaking of the electroweak symmetry and universal scalar and gaugino masses. This one-parameter extension of the MSSM-SUGRA model provides therefore the simplest reference model for the breaking of R-parity and constitutes a consistent truncation of the complete dynamical models with spontaneous R-parity breaking proposed previously. We comment on the lowest-lying CP-even Higgs boson mass and discuss its minimal N=1 supergravity limit, determine the ranges of tan β and bottom quark Yukawa couplings allowed in the model, as well as the relation between the tau neutrino mass and the bilinear R-parity violating parameter.
Introduction
Supersymmetry apart from being attractive from the point of view of providing a solution to the hierarchy problem and the unification of the gauge couplings, provides an elegant mechanism for the breaking of the electroweak symmetry via radiative corrections [1] . So far most attention to the study of supersymmetric phenomenology has been made in the framework of the Minimal Supersymmetric Standard Model (MSSM) [2] with conserved R-parity [3] . R-parity is a discrete symmetry assigned as R p = (−1) (3B+L+2S) , where L is the lepton number, B is the baryon number and S is the spin of the state. If R-parity is conserved all supersymmetric particles must always be pair-produced, while the lightest of them must be stable. Whether or not supersymmetry is realized with a conserved R-parity is an open dynamical question, sensitive to physics at a more fundamental scale.
The study of alternative supersymmetric scenarios where the effective low energy theory violates R-parity [4] has received recently a lot of attention [5, 6, 7] . As is wellknown, the simplest supersymmetric extension of the Standard Model violates R-parity through a set of cubic superpotential terms involving a very large number of arbitrary Yukawa couplings. Although highly constrained by proton stability, one cannot exclude that a large number of such scenarios could be viable. Nevertheless their systematic study at a phenomenological level is hardly possible, due to the large number of parameters (almost fifty) characterizing these models, in addition to those of the MSSM.
As other fundamental symmetries, it could well be that R-parity is a symmetry at the Lagrangean level but is broken by the ground state. Such scenarios provide a very systematic way to include R parity violating effects, automatically consistent with low energy baryon number conservation. They have many added virtues, such as the possibility of having a dynamical origin for the breaking of R-parity, through radiative corrections, similar to the electroweak symmetry [8] .
In this paper we focus on the simplest truncated version of such a model, in which the violation of R-parity is effectively parametrized by a bilinear superpotential term ǫ i L In this effective truncated model the superfield content is exactly the standard one of the MSSM. In this case there is no physical Goldstone boson, the Majoron, associated to the spontaneous breaking of R-parity. Formulated at the weak scale, the model contains only two new parameters in addition to those of the MSSM. Alternatively, the unified version of the model, contains exactly a single additional parameter when compared to the unified version of the MSSM, which we will from now on call MSSM-SUGRA. Therefore our model is the simplest way to break R-parity and can thus be regarded as a reference model for R-parity breaking. In contrast to models with trilinear R-parity breaking couplings, it leads to a very restrictive and systematic pattern of R-parity violating interactions.
Here we show that this simplest truncated version of the R-parity breaking model of ref. [8] , characterized by a bilinear violation of R-parity in the superpotential, is consistent with minimal N=1 supergravity models with radiative electroweak symmetry breaking and universal scalar and gaugino masses at the unification scale. In particular, we perform a thorough study of the minimization of the scalar boson potential using the tadpole method needed for an accurate determination of the Higgs boson mass spectrum. We comment on the lowest-lying CP-even Higgs boson mass and discuss its minimal N=1 supergravity limit, determining also the ranges of tan β and bottom quark Yukawa couplings allowed at unification, as well as the relation between the tau neutrino mass and the effective bilinear R-parity violating parameter. Our results encourage further theoretical work on this and on more complete versions of the model, like that of ref. [8] , as well as phenomenological studies of the related signals.
The Model
The supersymmetric Lagrangian is specified by the superpotential W given by *
where i, j = 1, 2, 3 are generation indices, a, b = 1, 2 are SU(2) indices, and ε is a completely antisymmetric 2 × 2 matrix, with ε 12 = 1. The symbol "hat" over each letter indicates a superfield, with Q i , L i , H 1 , and H 2 being SU(2) doublets with hyper-charges 1 3 , −1, −1, and 1 respectively, and U, D, and R being SU(2) singlets with hyper-charges − , and 2 respectively. The couplings h U , h D and h E are 3 × 3 Yukawa matrices, and µ and ǫ i are parameters with units of mass. The first four terms in the superpotential are common to the MSSM, and the last one is the only R-parity violating term. From now on, we work only with the third generation of quarks and leptons.
Experimental evidence indicate that supersymmetry must be broken. The actual supergravity mechanism is unknown, but can be parametrized with a set of soft supersymmetry breaking terms which do not introduce quadratic divergences to the unrenormalized theory [10] It goes without saying that, in a supergravity model where soft-breaking terms are not universal at the GUT scale, such as string models, the bilinear violation of R-parity is also not removable. However, in this case its effects are not calculable, in contrast to our case. The same is true for the case of the most general low-energy supersymmetric model [13] .
The electroweak symmetry is broken when the two Higgs doublets H 1 and H 2 , and the tau-sneutrino acquire vacuum expectation values (VEVS):
Note that the gauge bosons W and Z acquire masses given by m
We introduce the following notation in spherical coordinates:
which preserves the MSSM definition tan β = v 2 /v 1 . The angle θ equal to π/2 in the MSSM limit.
The full scalar potential may be written as
where z i denotes any one of the scalar fields in the theory, V D are the usual D-terms, V sof t the SUSY soft breaking terms given in eq. (2), and V RC are the one-loop radiative corrections. It is popular to treat radiative corrections with the effective potential. In this case, V RC corresponds to the one-loop contributions to the effective potential. Here we prefer to use the diagrammatic method and find the minimization conditions by correcting to one-loop the tadpole equations. At the level of finding the minima, the two methods are equivalent [14] . Nevertheless, the diagrammatic (tadpole) method has advantages with respect to the effective potential when we calculate the one-loop corrected scalar masses [15] .
The scalar potential contains linear terms
where
are the tree level tadpoles, and are equal to zero at the minimum of the potential.
Squark Sector and Radiative Corrections
To find the correct electroweak symmetry breaking radiatively, we need to relate parameters at the GUT scale with parameters at the weak scale. This means we are promoting the parameters in the tree level tadpoles in eq. (7) to running parameters. Therefore, in order to find the correct minima of the scalar potential it is essential to include the one-loop contributions to the tadpoles, otherwise our tadpoles would be extremely scale dependent, i.e., unphysical.
The main one-loop contributions to the tadpoles come from loops involving top and bottom quarks and squarks. Therefore, we need to study the scalar quark sector, and in particular, the spectrum and couplings to CP-even neutral scalars.
in the superpotential induce F-terms in the scalar potential, leading to squark mass terms of the formt Lt * R proportional to ǫ 3 . In addition, the non-zero value of the vacuum expectation value of the tau-sneutrino generates, from the D-terms, squark mass terms of the formt it * i andb ib * i , i = L, R. The new squark mass matrices are:
for the top squarks, and
for the bottom squarks. The reader can recover the MSSM squark mass matrices by taking ǫ 3 = v 3 = 0 in the above two equations. The quark masses are related to the quark Yukawa couplings in the same way as in the MSSM:
Nevertheless, the numerical value of the quark Yukawas is higher in comparison with the MSSM to compensate with smaller vacuum expectation values
and this is represented by the term sin θ ≡ s θ in the denominators in the above equations.
Squark mass matrices M M M 2 t and M M M 2 b are diagonalized by two rotation matrices such that:
where mq 1 < mq 2 by convention. These rotation matrices play an important role in the determination of the scalar couplings to a pair of squarks.
We introduce the notation for the CP-even neutral scalars S 
as in the MSSM, but with the quark Yukawa couplings given by eq. (10) . Feynman rules of the type S 0 inot listed in eq. (12) are zero.
In a similar way, we find Feynman rules of the type S 0 iqq * , i.e., CP-even neutral scalars couplings to a pair of squarks. We start with χ 0 1 couplings to top squarks:
and to bottom squarks:
These couplings have the same form in the MSSM but, as it was said before, the Yukawa couplings are different and given by eq. (10). In addition, vacuum expectation values v 1 and v 2 are different with respect to the MSSM and given by v 1 = 2m W c β s θ /g and v 2 = 2m W s β s θ /g and again, the deviation from the MSSM is parametrized by the angle θ.
Now we turn to the neutral CP-even Higgs χ 0 2 that comes from the second Higgs doublet. Its couplings to top squarks are:
Finally, we turn to the real part of the tau-sneutrino field, which mixes with χ 0 1 and χ 0 2 . Its couplings to top squarks are: ν
and to bottom squarks:ν
These couplingsν R τqq * vanish in the MSSM limit v 3 = ǫ 3 = 0, as it should.
We are now ready to include the effect of the one-loop tadpoles in eq. (7). The first step towards the calculation of radiative corrections is the introduction of counterterms. All parameters in the Lagrangian are shifted from bare parameters to renormalized parameters minus a counter-term:
for couplings, masses, vacuum expectation values, trilinear soft parameters, and bilinear soft parameters respectively. If we make this shift in the tadpole equations given in eq. (7), the tadpole themselves get a counter-term δt i for i = 1, 2, 3. Therefore, the one-loop tadpole equations are
where t i are the one-loop renormalized tadpoles and T i (Q) are the one-loop contributions to the tadpoles, with Q being the arbitrary mass scale introduced by Dimensional Reduction.
The renormalization scheme we choose to work with is the MS scheme, where by definition the tadpole counter-terms are taken such that they cancel the divergent pieces of T i (Q) proportional to ∆:
where ∆ is the regulator of dimensional regularization, n is the number of space-time dimensions, and γ E is the Euler's constant. The MS-counter-terms chosen in this way make the tadpoles finite. We introduce the notation
for the finite one-loop contribution to the tadpoles. These finite one-loop tadpoles depend explicitly on the arbitrary scale Q.
The one-loop tadpoles t i must be scale independent (at least in the one-loop approximation), therefore, the renormalized parameters are promoted to running parameters, i.e., they evolve with the scale Q according to their Renormalization Group Equations (RGE). The explicit Q dependence on T
M S i
(Q) is cancelled at one-loop by the implicit Q dependence on the parameters of the tree level tadpoles. Renormalized tadpoles must be zero at the minimum of the potential t i = 0, thus the generalization of the tadpole equations is
and these are the minimization condition we impose ‡ . We choose to work at the scale Q = m Z . The RGE's for each parameter are given in the Appendix A, and the boundary condition at the GUT scale are described later.
Now we find the one-loop contributions to the tadpoles. Quarks contribute to χ 0 1 and χ 0 2 one-loop tadpoles only. On the contrary, squarks contribute to all three tadpoles. Using the notation for the Feynman rules introduced in the previous section, the quark and squark one-loop contribution to the tadpoles can be written as:
where A 0 is the first Veltman's function defined by
The finite tadpoles T
(Q) are found simply by setting ∆ = 0 in the previous expressions. ‡ To see the effect one-loop tadpoles have on the determination of MSSM-SUGRA parameters, see ref. [16] 4 Unification
We now discuss the corresponding boundary conditions at unification. We assume that at the unification scale the model is characterized by one universal soft supersymmetrybreaking mass m 0 for all the scalars (the gravitino mass), and a universal gaugino mass M 1/2 . Moreover we assume that there is a single trilinear soft breaking scalar mass parameter A and that the bilinear soft breaking parameter B is related to A through B = A − 1. In other words we make the standard minimal supergravity assumptions:
at Q = M GU T . At energies below M GU T these conditions do not hold, due to the renormalization group evolution from the unification scale down to the relevant scale.
In order to determine the values of the Yukawa couplings and of the soft breaking scalar masses at low energies we first run the RGE's from the unification scale M GU T ∼ 10
16 GeV down to the weak scale. In doing this we randomly give values at the unification scale for the parameters of the theory. The range of variation of the MSSM-SUGRA parameters at the unification scale is as follows
while the range of variation of ǫ 3 is
and the value of h 2 τ GU T /4π is defined in such a way that we get the τ mass correctly. After running the RGE we have a complete set of parameters, Yukawa couplings and soft-breaking masses m Similar to what happens in the MSSM-SUGRA (see Appendix B) the number of independent parameters of this model is actually less than given above, as one must take into account the W mass constraint as well as the minimization conditions. In the end there is a single new parameter characterizing our model, namely ǫ 3 .
Results and Phenomenology
The main parameters characterizing electroweak breaking are the SU(2) doublet VEVs v 1 , v 2 and v 3 . In our model these are obtained as explained in the Appendix B. Basically we assign random values for the top and bottom quark Yukawa couplings h t and h b at the GUT scale and evolve them down to the weak scale through the Renormalization Group Equations, given in Appendix A. Using the measured top and bottom quark masses we determine the corresponding running masses at the weak-scale. Combining this with the values of h t and h b at the weak-scale, obtained through the use of the RGE's, we calculate the standard MSSM VEVS v 1 and v 2 . The third VEV v 3 , which breaks R-parity, is determined through the W mass formula. The resulting VEVs may not be consistent with the minimization conditions. In Appendix B we present a procedure to ensure a consistent solution. Note that due to the contribution of v 3 to the intermediate gauge boson masses, v 
where we have defined g 2 Z ≡ g 2 +g ′2 . As expected, this mass matrix has no mixing between the Higgs and stau sectors. The extra terms that appear in our ǫ 3 -model are
which introduce a Higgs-Stau mixing. Finally, in M 2 S 0 ,RC we introduce the largest term in the one-loop radiative corrections, i.e., the term proportional to m
This formula gives results good in first approximation, nevertheless, already in the MSSM can give wrong results in certain regions of parameter space [17] , and should be improved. Fig. (2) . One sees that all values of tan β in the range 2 to 60 or so are possible in our model. As in the MSSM-SUGRA, tan β smaller than 2 are not possible because the top Yukawa coupling diverges as we approach the unification scale. This is related to the fact that in that region we are close to the infrared quasi-fixed point. Note that the range of tan β values obtained in our model is consistent with the unification hypothesis for a large range of the bottom quark Yukawa coupling at unification, as illustrated in Fig. (3) .
Another important feature of our broken R-parity model is that the tau neutrino ν τ acquires a mass, due to the fact that ǫ 3 and v 3 are nonzero. Consider the basis (Ψ 0 ) T = (−iλ 1 , −iλ 
where the mass matrix is §
The only new terms appear in the mixing between neutralinos and tau-neutrino. This mixing is proportional to ǫ 3 and v 3 . They lead to a non-zero Majorana ν τ mass, which depends quadratically on the lepton-number-violating parameters ǫ 3 and v 3 . Thus Rparity violation in this model is the origin of neutrino mass. In Fig. (4) we display the allowed values of m ντ (in the tree level approximation) as a function of an effective parameter ξ defined as ξ ≡ (ǫ 3 v 1 + µv 3 ) 2 ¶ Notice that m ντ values can cover a very wide range, from eV to values in the MeV range, comparable to the present LEP limit [19] . The latter places a limit on the value of ǫ 3 . Note that the values of v 3 and ǫ 3 can be rather large [see, for example, Fig. (1) ].
Discussion and Conclusions
Here we have shown that this simplest truncated version of the R-parity breaking model of ref. [5] , characterized by a bilinear violation of R-parity in the superpotential, is consistent with minimal N=1 supergravity models with radiative electroweak symmetry breaking and universal scalar and gaugino masses at the unification scale. We have performed a thorough study of the minimization of the scalar boson potential of the model, using the tadpole method. We have determined the lowest-lying CP-even Higgs boson mass spectrum. We have discussed how the minimal N=1 supergravity limit of this theory is obtained and verified that it works as expected. We have determined also the ranges of tan β and bottom quark Yukawa couplings allowed at unification, as well as the relation between the tau neutrino mass and the effective bilinear R-parity violating parameter. Our results should encourage further theoretical work on this model, as well as more complete versions of the model, like that of ref. [8] . Phenomenological studies of the related signals should also be desirable, given the fact that the production and decay patterns of Higgs bosons and supersymmetric particles in this model are substantially different that expected in the MSSM or MSSM-SUGRA. For example, Higgs bosons may have sizeable R-parity violating decays [13] . Similarly, sneutrinos and staus can be the § More complete forms of this matrix have been given in many places. See, e.g. ref. [18] ¶ This combination appears in treating the neutral fermion mass matrix in the seesaw approximation. LSP and can have unsuppressed decays into standard model states, thus violating Rparity. Finally, chargino and neutralino production can lead to totally different signals as, for example, the lightest neutralino can decay [20] . These features could play an important role in designing strategies for searching for supersymmetric particles at future accelerators. For example, R-Parity will give rise to enhanced lepton multiplicities in Gluino Cascade Decays at LHC [21] . 
where 
The g i are the SU(3) × SU(2) × U(1) gauge couplings and the M i are the corresponding the soft breaking gaugino masses.
After doing this, for each point in parameter space, we solve the extremum equations, eq. (24), for the soft breaking masses, which we now call m 2 i (i = H 1 , H 2 , L). Then we calculate numerically the eigenvalues for the real and imaginary part of the neutral scalar mass-squared matrix. If they are all positive, except for the Goldstone boson, the point is a good one. If not, we go back to the next random value. After doing this we end up with a set of solutions for which:
Parameters

Conditions
Free Parameters
A, m 0 , M 1/2 , µ t i = 0, i = 1, 2 2 Extra free parameters Total = 9 Total = 6 Total = 3 Finally, we note that in either case, the sign of the mixing parameter µ is physical and has to be taken into account.
